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A Study of Transconductance Degradation in HEMT
Using a Self-consistent Boltzmann-Poisson-Schriidinger
Solver
R. KHOIE
Department of Electrical and Computer Engineering, University of Nevada, Las Vegas, NV 89154

A self-consistent Boltzmann-Poisson-Schr6dinger Solver is used to study the transconductance degradation in high electron mobility transistor (HEMT), which has extensively been
reported by both experimental ]-[8] and computational [9]-[ 13] researchers. As the gate
voltage of a HEMT device is increased, its transconductance increases until it reaches a peak
value, beyond which, the transconductance is degraded rather sharply with further increase in
applied gate bias. We previously reported a two-subband self-consistent Boltzmann-Poisson-SchrOdinger Solver for HEMT. [14] We further incorporated an additional self-consistency by calculating field-dependent, energy-dependent intersubband and intrasubband
scattering rates due to ionized impurities and polar optical phonons.[ 15] In this work, we have
used our Boltzmann-Poisson-Schr6dinger Solver and studied the effects of the intersubband
and intrasubband scatterings of electrons, on the transconductance of a single quantum well
HEMT device. The results of our simulations exhibit the same pattern reported by others
[1]-[13]. We concluded that the degradation of transconductance of the device with applied
gate bias is attributed to the increased intersubband and intrasubband scattering of electrons,
and hence to the reduction of electrons velocity in the channel.
Keywords: Transconductance, Degradation, Poisson, SchrtJdinger, Boltzmann, Scattering

1. INTRODUCTION

applied gate bias.[1]-[13] The reasons cited for this
degradation include: increase in gate leakage current
[1 ], reduction of inversion charge in the channel [6],
dislocations [7], decrease in the average electron
velocity [8], increase in population of electrons in the
donor AlGaAs layer [9], and neutralized donor effect
[11].
The high transconductance in HEMT is obtained
mainly by scaling down the channel length of the
device to 500A Further reduction in the gate length
results in degradation of the transconductance and
decrease in the cut-off frequency. Kizilyalli, et. al.[9]
have performed a Monte Carlo study of short channel

Recent advances in III-V compound semiconductor
growth techniques have resulted in successful development of high speed devices with transconductances
ranging from 427 mS/mm in a wn wide 2-D MESFET [2] to 1740 mS/mm in a 50 nm self-aligned-gate
pseudomorphic HEMT [8]. These impressive
high-frequency parameters have been measured at
low gate voltages. In fact, as the gate voltage of a
HEMT is increased, the transconductance increases
until it reaches a peak value, beyond which, the
transconductance is degraded with further increase in

.
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effects in a submicrometer AIGaAs/GaAs HEMT, and
suggested that the high-frequency performance of the
device can be improved by scaling the gate length
down to a minimum of about 0.1 pro, beyond which
the device transconductance is degraded rapidly. They
discussed reasons for observed degradation of the
transconductance of ultra-small device, citing poor
charge control in the channel, and sharp reduction in
the output resistance of the device as the main sources
of transconductance degradation.
We previously reported a two-subband self-consistent Boltzmann-Poisson-Schr6dinger Solver for high
electron mobility transistor, in which we self-consistently solved the two higher moments of Boltzmann
equation, along with Poisson and Schr6dinger equations.[14] We further incorporated an additional
self-consistency by calculating field-dependent,
energy-dependent intersubband and intrasubband
scattering rates due to ionized impurities and polar
optical phonons.[15] In this paper, we have used our
Boltzmann-Poisson-Schr6dinger Solver and studied
the effects of the intersubband and intrasubband scatterings of electrons, on the transconductance of a single quantum well HEMT device. We have performed
simulations on a 0.5 lam HEMT, with and without the
energy-dependent field-dependent scattering rates.
The comparison between the resulting gm-VG curves
is used to attribute the transconductance degradation
to the scattering of electrons by polar optical phonons
and ionized impurities.

2. BOLTZMANN-POISSON-SCHRODINGER

SOLVER AND SCATTERING RATES
The Boltzmann-Poisson-Schr6dinger Solver consists
of the two higher moments of Boltzmann equation,
Poisson and Schr6dinger equations self-consistently
solved for electrons in the first subband, second subband, and the bulk system (electrons residing in the
third and higher subbands, with no quantum restriction in their motion). An additional self-consistency is
added by calculating the intersubband and intrasubband scattering rates of electrons by polar optical
phonons and ionized impurities. The rates of transfer

of electrons and their energies to and from each subband are calculated from the intersubband and
intrasubband scattering rates, and are used in a
self-consistent manner in the Boltzmann-Poisson-Schr6dinger Solver. The two higher moments of
Boltzmann equation written for the first two subbands

are’[ 14]
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Similar equations are written for the electrons in the
third and higher subbands, which are considered as
bulk three dimensional electrons with no quantum
restriction in their motion. In the above equations
i,j= 1, 2 refers to the first and second subbands,
respectively, n is the electron concentration, J is the
electron current density, q is the electronic charge,
is the mobility, D is diffusivity, l.tE, is flux mobility,
DE, is the flux diffusivity, E is the average electron
energy, xij is the electron relaxation time, XE, ij is
energy relaxation time for electrons scattered from
subband to subband j, and c00 is the polar optical
phonon frequency. The summation terms

(,ji(

nj-nj
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)) and
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in Eq. (1),

account for the scattering of electrons from subband j
to subband i, and back, respectively. The summation
term
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in Eq. (2) account for the energy gained (or lost) due
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to the scattering of electrons from subband j to
subband i, and back, respectively. The last summation
term

(-Eji(

nj- noj

T’J

ho), in Eq. (2) includes the effect

of the loss of energy by the electron to the polar optical phonons. The relaxation times "cij and XE, ij for electrons and their energies are calculated from the rates
of scattering of electrons by polar optical phonons
and ionized impurities. Details of these calculations
are given in [15].
The remaining components of the Boltzmann-Poisson-Schr6dinger Solver are:
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where q is the electronic charge, e is the dielectric
constant, n is the total electron concentration, ND is
the doping level, m* is the electron effective mass,
V(x,y) is the electrostatic potential, and V is the
wavefunction corresponding to the eigenenergy E for
the i-th subband.

3. RESULTS

We have simulated a HEMT device with 0.5 lxm gate
length, 60 nm wide AIGaAs layer doped with
5.0 x 1017/cc impurities, all on a GaAs layer doped
with lOl4/cc impurities. Using our Boltzmann-Poisson-Schr6dinger Solver, two sets of simulations are
performed. First for a one-subband quantum well in
which only the electrons in the lowest subband are
forming the two dimensional electron gas, and the
electrons in the second and higher subbands are three
dimensional carriers without being subject to intersubband and intrasubband scattering mechanisms.
Second set of data are produced for the same device,
but with the electrons in the first and second subbands
forming the two dimensional gas with quantum
restriction in their motion and subject to the intersubband and intrasubband scattering due to both polar
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FIGURE Transconductance as a function of gate bias in a
HEMT device calculated by our Boltzmann-Poisson-Schr6dinger
Solver (o) with self-consistent scattering rates (o) without scattering rates

optical phonons and ionized impurities. In both sets of
simulations, drain voltage, VD was kept at 1.0 V,
which is somewhat below the pinch-off voltage of the
device. Although the Boltzmann-Poisson-Schr’6dinger
Solver produces the electrostatic potentials, eigenfunctions, eigenenergies, electron concentration, and
electron energy in all three subbands, (see [14]-[ 15]),
as well as all terminal characteristics of the device, in
this paper we only show the variations of transconductance with gate voltage, which are shown in Fig.
(1)for both sets of data. The value of transconductance, with the one-subband model, and without the
scattering rates included, decreases slightly (and
almost linearly) as the gate voltage is varied over the
range of 0.6 V to 1.0 V, whereas with the two-subband model and the scattering rates included, the
transconductance increases at first, reaching a peak
value of about 470 mS/mm at 0.9 V, and then decreasing beyond that point. Obviously, the pattern of the
second set of data is closer to the experimental results
reported by [1 and [8], which are shown in Fig. (2).

4. CONCLUSIONS
The transconductance degradation of HEMT device
at high gate voltages is studied using a Boltzmann-Poisson-Schr6dinger Solver. The results of our
simulations compares well to those experimentally
measured [1]-[8], and theoretically computed
[9]-[13]. Although, precise comparison between our
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Cb)
FIGURE 2 (a) Transconductance as a function of gate voltage of (a) a 0.8 Ism
50 nm self-aligned pseudomorphic AllnAs-GalnAs HEMT reported by [8]

simulation results and those reported by [1 ]-[ 13]
could not be made due to the difference in device
parameters, the pattern of transconductance degradation at high gate voltages is obvious in these data; the
transconductance increases until it reaches a peak
value, beyond which, the transconductance is
degraded with further increase in applied gate bias.
The variety of reasons cited for this degradation is as
great as the number of the researchers reporting them.
We found the following arguments to be the most compelling: increase in gate leakage current ], reduction
of inversion charge in the channel [6], dislocations [7],
decrease in the average electron velocity [8], increase
in population of electrons in the donor AlGaAs layer
[9], and neutralized donor effect 11 ]. The results of our
simulation support the reason cited by [8], namely the
decrease in the electron velocity due to increase in the
rate of scattering of carriers by polar optical phonons,
and ionized impurities.
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